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FOREWORD 

The research reported herein was conducted by the staff of 

Monsanto/Washington University Association under the sponsorship 

of the Advanced Research Projects Agency, Department of Defense, 

through a contract w: .h the Office of Naval Research, N0001'4-67-C-0218 

^formerly NO0O:^-66-C-L045), ARPA Order No. 876, ONR contract authority 

NR 356-WA-I3-66, entitled "Development of High Performance Composites". 

The prime contractor is Monsanto Research Corporation.  The 

Program Manager is Dr. Rolf Buchdahl (Phone 31'*-69'*-'»721) . 

The contract is funded for $7,000,000 and expires 30 June, 1974. 
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Experimental Procedure 

Viscosity kvas measured at 25 + 30C using a large bore capillary 

extrusion rheometer especially built i'i our laboratory for fiber 

suspension studies which is described in detail elsewhere (3). The 

rheometer barrel is mounted on a compression cell of an Instron testing 

machine and the piston is mounted on the crosshead.  The barrel is 

2 inches in diameter and ^ inches in depth and is fitted with a 90° 

entry cone.  Dies with a diameter of IA inch and lengths of one inch 

and seven inches were used.  The apparent shear rates attainable with 

the device range from 2.6 to 525 sec. 

True viscosity/shear-rate cuives were obtained for the suspensions 

by applying first the Bagley end correction (4) and then the Rabinowitsch 

correction (5) to the raw data.  Only two die lengths were used in 

calculating the end correction. 

The tensile tests were conducted on an Instron testing machine 

equipped with o 1 inch extensorneter.  The testing speed was 0.05 in/mln. 

Samples were tested at room temperature after drying In a vacuum oven 

at llCC for 2h  hours. 

Theories for Susp e_r i s ion Viscosity a nd Composite Modulus 

Much effort has be','n devoted to prediction of the viscosity of 

concentrated suspensions over the years, and we will not review that 

work here.  The only theories for the shear viscosity of concentrated 

fiber suspensions are those of Brodnyan (6) and Ziegel (7)-  No 

theories exist for the viscosity of mixed suspensions of fibers and 

spheres. 
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points.  Optimized molding cycles might we'I give moduli higher than those 

observed here and more in line with the theoretical predictions. 

The tensile strength and elongation of the mixed composites are 

shown in Fig. 3.  Notice that the strength is a slowly increasing, 

essentially linear function of the fraction filler which is fibers. 

The elongation at break, however, falls off rapidly with the substitution 

of a smali fraction of fibers for beads. 

As an index of the trade-off between processabiIity and mechanical 

properties of a composite, we chose the ratio of (suspension viscosity) 

to (composite modulus) as a function of the ratio of (vol. 7  fibers) to 

(vol.   solids).   Since high modulus and low viscosity are generally 

desirable, low values of the trade-off index are deemed desirable.  Of 

course, the index ratio is highly dependent upon the shear rate at 

which the viscosity is evaluated. 

The values of the processabillty/property index are shown in 

Fig. 1».  Notice that at the low shear rates characteristic of compression 

molding, the substitution of a small fraction of beads for fibers in 

a reinforced plastic reduces the viscosity proportionately more than the 

modulus; a good result.  However, at high shear rates, more nearly 

characteristic of injection molding, the index ratio is insensitive to 

relative filler content, and one might as well retain all fibers to 

get maximum modulus enhancement. 

Similar indices based on composite strength and elongation are 

included in (12).  The trends are similar. 

Discussion and Conclus ions 

Some initial data on the properties of mixed composites have been 

presented.  It should be pointed out that nerther the suspensions nor 

the composites have- been optimized to obtain the best possible properties. 



It is known, for example, that careful control of complex molding 

cycles is necessary to optimize reinforced polycarbonate. We purposely 

avoided use of polymer/filler interfacial agents which would enhance 

bending and improve composite properties. 

Recent work in our laboratory (13) demonstrates that the viscosity 

of concentrated fiber suspensions is sensitive to fiber length distribu- 

tion and that fiber -ength In turn depends on the mixing conditions. 

The viscosities of the suspensions used in this study decrease upon 

repeated extrusion, indicating that equilibrium fiber length was not 

reached (13) during the mixing.  Our objective in the work reported here 

was to retain the original fiber length as nearly as possible to make the 

suspensions comparable to the composites, in which few fibers were 

broken. 

Mtlewskl's work (1) suggests that we did not choose a good combina- 

tion of bead and fiber sizes from the viewpoint of efficient packing; 

and that a different choice, probably smaller spheres, might lead to 

mor.j striking improvements in viscosity upon the substitution of beads 

for fibers. 

Clearly further work is needed to clarify the role of mixed 

spherical and fiber reinforcements in determining the processabi1ity 

and properties of polymer-based composites. Better systems might be 

chosen for investigation, and there may be more appropriate measures 

of processabiIity than viscosity. 
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